During an entomological surveillance for arthropod-borne viruses in the Philippines, we isolated a previously unrecognized virus from female Armigeres spp. mosquitoes. Whole-genome sequencing, genetic characterization and phylogenetic analysis revealed that the isolated virus, designated Armigeres iflavirus (ArIFV), is a novel member of the iflaviruses (genus Iflavirus, family Iflaviridae) and phylogenetically related to Moku virus, Hubei odonate virus 4, slow bee paralysis virus and Graminella nigrifrons virus 1. To our knowledge, this is the first successful isolation of iflavirus from a dipteran insect. Spherical ArIFV particles of approximately 30 nm in diameter contained at least three major structural proteins. ArIFV multiplied to high titres (~10 9 p.f.u. ml À1 ) and formed clear plaques in a mosquito cell line, C6/36. Our findings provide new insights into the infection mechanism, genetic diversity and evolution of the Iflaviridae family.
For arthropod-borne virus (arbovirus) surveillance in the Philippines, we conducted mosquito collections in Los Baños, Province of Laguna, the Philippines in October in 2010. Adult Culicine mosquitoes were collected using aspirators inside and around the residences in the study sites. A total of 1204 mosquitoes (6 species within 3 genera) collected were sorted according to species, collection sites and sex, and then pooled with a maximum of 21 individuals for virus isolation. Virus isolations from Aedes aegypti, Ae. albopictus and Armigeres spp. mosquitoes were performed using C6/36 cells (derived from Ae. albopictus, Japanese Collection of Research Bioresources), as described previously [1] . After two additional blind passages of the inoculated cultures, severe cytopathic effects (CPE) were observed in four pools of Armigeres spp. females (Fig. 1a , Table S1 , available with the online Supplementary Material). RNAs extracted from the supernatants of the CPE-positive cell cultures were subjected to RT-PCR assays for detection of known mosquito-borne arboviruses of the genera Flavivirus (family Flaviviridae), Alphavirus (family Togaviridae) and Orthobunyavirus (family Peribunyaviridae). All four samples were negative for those genera (data not shown).
To identify the isolated virus, a mixture of culture supernatants from the four samples was subjected to next-generation sequencing (NGS) using the MiSeq System (Illumina), as described previously [2] . A total of 2 426 078 reads were obtained from the mixed samples, and then assembled de novo in CLC Genomics Workbench (Qiagen). The longest contig obtained was 9334 nt in length, consisting of 1 831 896 reads (average coverage=9950.33), which contained a large ORF. BLASTX search against the NCBI protein database indicated that the deduced aa sequence from the ORF shared significant similarities with those of known members of iflaviruses (genus Iflavirus, family Iflaviridae). Other contigs contained sequences of distinct viruses, such IP: 54.70.40.11
On: Fri, 04 Jan 2019 00:01:09 as Tanay virus (TANAV, a sandewavirus) [3] and a sobemovirus-like virus, although these contigs consisted of small numbers of mapped reads compared to the contig of the iflavirus-like sequence described above (data not shown). RT-PCRs using specific primer sets for each virus detected both the iflavirus-like virus and the sobemovirus-like virus in all four pools, while TANAV was contained only in a single pool 10P36 (Table S1 ).
To separate the sobemovirus-like virus and the iflavirus-like virus, a virus stock (pool No. 10P38) was plaque-purified in C6/36 cells, as described previously [4] . Single plaques, formed in C6/36 cells (Fig. 1d) , were collected independently and suspended in the culture medium. The virus suspension was inoculated into fresh C6/36 cells, and the propagated viruses were further purified as described above. A plaque-purified virus strain, 10P38-310, induced a CPE in C6/36 cells similar to that of the original isolate (Fig. 1b) , and was free from contamination of a sobemovirus-like virus (data not shown). Thus, the iflavirus-like virus appeared to be the infectious agent causing severe CPE in the C6/36 cells, and this plaque-purified strain (10P38-310) was used for subsequent experiments.
To determine the viral genome sequence of the purified strain, 10P38-310, whole-genome resequencing was performed using the MiniSeq System (Illumina) in the same manner as described above. A contig of the iflavirus-like virus was obtained by de novo assembly of 147 007 sequencing reads (average coverage=2185.30). The terminal sequences of the viral genome were determined by the RACE technique, and then sequenced in an ABI PRISM 3130 Genetic Analyzer (Applied Biosystems). In this analysis, we performed 5' RACE with two different methods. The first method was that modified by Li et al. [5] using the adapter primer DT88 and viral gene-specific primers (Table S2 , method i) [5] . The second method was performed using the SMARTer RACE cDNA amplification kit (Clontech, method ii). The 3' RACE was conducted using the RNA PCR Kit (AMV) Ver.3 (Takara) with viral gene-specific primers (Table S2 ). In the 5' RACE, the most 5'-extended sequence was obtained from method i (Fig. 2a) . However, the de novo-assembled sequence from the NGS analysis contained a 19-nt extension (a total of six reads obtained) at the 5' terminus determined by method i (Fig. 2a) . The same 19-nt sequence was also observed in the preliminary NGS analysis of the mixed samples described above. The first 18-nt sequence of the extension exactly matched the reverse complement of an 18-nt sequence located a few nt downstream, which is predicted to form a hairpin-like structure at the 5'-end of the genome (Fig. 2a) . Similar outcomes were observed also in the analyses of several known iflaviruses from the planthopper, Nilaparvata lugens [6, 7] . In these articles, the authors remarked that, because only a few reads were mapped on the contig sequence closer to the 5' terminus, it was impossible to define the 5' terminus of the viral genome using NGS data. Therefore, they approved the sequence obtained by the 5' RACE, but not by the NGSbased method, as a plausible 5' terminal sequence for the viral genome. In the current study, we found the same 19-nt extension at the 5' terminus by the independent NGS analyses, although only a few sequencing reads were obtained. Therefore, we tentatively adopted the sequence obtained by the NGS analyses as a 5' terminal sequence of the viral genome, although further investigation is needed to confirm the actual 5' terminal sequence. Thereby, the complete viral genome was 9283 -nt in length, excluding the poly (A) tail at the 3' terminus (GenBank accession No. LC310707). The viral genome contained a single large ORF encoding a 2752-aa protein when translated from the first AUG codon (Fig. 2a) . The ORF was preceded by a 667-nt 5' untranslated region (UTR) and followed by a 357-nt 3' UTR ( Fig. 2a) . RNA secondary structures, including stable stem loops, were predicted within the long 5' UTR (data not shown), suggesting that the 5' UTR may contain an internal ribosome entry site (IRES) that promotes the cap-independent initiation of translation.
To examine the genome organization of the virus strain 10P38-310, multiple alignments of the deduced aa sequences of known iflaviruses and related viruses were carried out by the Clustal W program [8] . Conserved aa residues of structural proteins were found on the N-terminal side of the viral polyprotein (Figs 2a and S1), whereas the conserved motifs of viral helicase, cysteine protease and RNA-dependent RNA polymerase (RdRp) were found on the C-terminal side (Figs 2a, S2 and S3). Therefore, the genome organization of the virus is fundamentally similar to that of known iflaviruses. To determine the phylogenetic position of the virus, phylogenetic analysis was performed based on the RdRp-conserved regions I-VIII (Fig. S3 ) [9] by the neighbour-joining method [10] using MEGA ver. 7 [11] . Consequently, because the virus formed a clade with known members of iflaviruses (Fig. 2b) , the virus was designated Armigeres iflavirus (ArIFV) strain 10P38-310. Among members of inflaviruses, ArIFV is closely related to Moku virus (MV) [12] , Hubei odonate virus 4 [13] , slow bee paralysis virus [14] and Graminella nigrifrons virus 1 [15] . These related iflaviruses were found in different insect taxa, showing no apparent evolutionary relationship between viruses and host insects. Such tendencies were also observed with other iflaviruses (Fig. 2b ) [16] , suggesting that host range expansion of iflaviruses may be closely associated with the ability of ancestral iflaviruses to transmit horizontally among different host insect taxa. Further exploration of new iflavirus members will be helpful in understanding the evolutional history of the family Iflaviridae.
Purification of the ArIFV particles was performed to characterize virion morphology and viral structural proteins. The C6/36 cells and the culture supernatant were harvested at six days post-infection with ArIFV, and were subjected to three freeze-thaw cycles. The fluid was cleared of cell debris by low-speed centrifugation, followed by polyethylene glycol precipitation. The resulting precipitates were suspended in PBS, and sedimented through a 20 % sucrose cushion by ultra-centrifugation (130 000 g, 2 h). Subsequently, the resulting pellet was resuspended in PBS, layered on to a 20-70 % linear sucrose gradient and centrifuged (84 000 g) overnight. The fraction containing virus band was visualized by illumination and then collected and dialysed against TNE buffer (20 mM TrisHCl, 150 mM NaCl and 1 mM EDTA, pH 7.4) to remove sucrose. The dialysed sample was ultracentrifuged (100 000 g, 2 h) and used for subsequent analyses. For electron microscopic observation, the purified virus particles were fixed in 2 % glutaraldehyde and then observed by negative staining. ArIFV particles were spherical in shape and approximately 30 nm in diameter (Fig. 3a) , which is similar to virion morphologies of known iflaviruses [17] . The structural proteins constituting the virion were analysed by 15 % SDS-PAGE. Three major protein bands (46.0, 29.7 and 28.6 kDa in descending order) were detected (Fig. 3b) . The phylogenetic relationship between ArIFV and related viruses based on the conserved regions I-VIII in RdRp. The evolutionary history was inferred using the neighbour-joining method [10] . The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches [31] . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction method [32] and are in the units of the number of aa substitutions per site. ArIFV is indicated by a black circle and bold type. Viruses and their genome sequences used in this analysis are indicated by virus name with Genbank accession number in parentheses. conserved sequence, 482 NX/DXP 486 , was found between 1B (putative VP4) and 1C (putative VP3), the two potential cleavage sites (Fig. 2a) . Based on these predicted cleavage sites, the molecular weights of 1B (putative VP4) and 1C (putative VP3) were calculated to be 1594 Da and 29395 Da, respectively. Although it is unclear whether the first AUG (nt positions 668-670) is used for practical translation initiation, this suggests that the coding region for 1A (putative VP2) is preceded by that of a leader peptide (L) at the N-terminal side of the ORF. A potential ribosomal skipping site ( 1152 DIEENPG/P 1159 ) was located downstream of the coding regions for the structural proteins [19] , followed by coding regions for the non-structural proteins that contained at least two potential cleavage sites ( 1284 VELQ/GPS 1290 and 1769 VSTQ/GPS 1775 ) catalysed by Pro (Fig. 2a) .
To assess the growth kinetics of ArIFV in cultured cells, three mosquito cell lines [C6/36, NIID-CTR (derived from Culex tritaeniorhynchus) [20] and Ar-3 (derived from Armigeres subalbatus) [21] ] were used. These cells ( 2Â10 6 ) were seeded in a 25 cm 2 culture flask and inoculated with ArIFV at a multiplicity of infection of 0.01 p.f.u. cell
À1
. For virus adsorption, cells were incubated for 2 h. After removal of the inoculum, cells were washed twice with PBS. Subsequently, fresh culture medium was added and small aliquots were collected at 24 h intervals from 0 to 144 h. Each aliquot was titrated using the C6/36 cells by counting the number of plaques, as described above. ArIFV grew to high titres and reached plateau levels (~10 9 p.f.u. ml
) within 72 h post-infection in C6/36 cells (Fig. 3c) . On the other hand, no CPE or viral growth was observed in the other two mosquito cell lines tested (Fig. 3c) . Previous studies have indicated that C6/36 cells lack a functional RNA interference (RNAi) response [22] ; this may be one of the reasons why ArIFV can grow to high titres in C6/ 36 cells. At present, little is known about the determinants of the host range of iflaviruses.
Infectious flacherie virus (IFV) of the silkworm, Bombyx mori, can infect and replicate only in the goblet cells of the midgut epithelium [23, 24] , whereas deformed wing virus (DWV) infects the honeybee, Apis mellifera, and spreads throughout the entire body, including queens' ovaries, fat bodies and drones' seminal vesicles [25] . Furthermore, DWV also can replicate in the Varroa mite [26] that acts as a vector for transmission within the bee colony [16] . Recent studies have shown that MV, discovered in the social wasp Vespula pensylvanica, was detected also in sympatric honeybee and Varroa mite populations [12] . Unfortunately, basic studies about the mechanisms of infection and replication of iflaviruses have not been performed extensively to date due to a limited number of cell lines that support iflavirus replication [16] . To our knowledge, our study provides the first report of iflavirus isolation from Dipteran insects. There is a great advantage instudying ArIFV in culture cells, as in vitro studies provide greater insight into the infectivity, growth properties and pathogenicity of the virus. Future studies using ArIFV-susceptible cells could give further insight into the infection and replication of iflaviruses.
Previously, insect picorna-like viruses have been studied primarily as aetiological agents in insects of economic importance (e.g. infectious flacherie of the silkworm, sacbrood disease from honeybees and acute bee paralysis from honeybees). These and related insect viruses were classified by their genome organization, most of which are now assigned to the family Iflaviridae or Dicistroviridae in the order Picornavirales. IFV and sacbrood virus (SBV) are well-known representatives of iflaviruses [17, 27] . To date, new members of iflaviruses have been found in various kinds of insect from the class Insecta and subclass Acari [16] . Furthermore, by recent viral metagenomic analyses, many genome sequences related to iflaviruses were discovered, not only Insecta and Acari, but also from the subphylums Crustacea, Myriapoda, Chelicerata, and the class Mammalia [13, 28, 29] . Among these diversified iflaviruses, only a few iflaviruses have been extensively characterized to determine their pathogenicities or effects on their hosts. Some iflaviruses, including IFV, DWV, and SBV, are pathogenic to their host insects [16] . The virulence or effect of ArIFV on mosquitoes remains unclear. ArIFV has been isolated from asymptomatic Armigeres spp. mosquitoes, suggesting that ArIFV may have low or no pathogenicity, at least for this species. Further investigation is needed to assess the virulence of ArIFV in medically-important mosquitoes as an agent of microbiological control. Fujiyuki et al. [30] indicated that the infection of Kakugo virus (an iflavirus closely related to DWV) in honeybee workers is associated with their aggressive behaviors [30] . Mosquito-specific behaviors, such as hematophagy, have a direct relationship with epidemics of mosquito-borne diseases; therefore, the effects of ArIFV infection on mosquito behaviors will need to be clarified.
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